The Krüppel-like family of transcription factors (KLF) plays critical roles in human development and is associated with cancer pathogenesis. KLF5 has been shown to promote cancer cell proliferation and tumorigenesis, and to be genomically amplified in cancer cells. We recently reported that the KLF5 gene is also subject to other types of somatic coding and noncoding genomic alterations in diverse cancer types. Here we show that these alterations activate KLF5 by three distinct mechanisms. 1) Focal amplification of super-enhancers activates KLF5 expression in squamous cell carcinomas. 2) Missense mutations disrupt KLF5-FBXW7 interactions to increase KLF5 protein stability in colorectal cancer. 3) Cancer type-specific hotspot mutations within a zinc-finger DNA binding domain of KLF5 change its DNA binding specificity and reshape cellular transcription. Utilizing data from CRISPR/Cas9 gene knockout screening, we reveal that cancer cells with KLF5 overexpression are dependent on KLF5 for their proliferation, suggesting KLF5 as a putative therapeutic target.
INTRODUCTION
In light of this previous literature and our recent genomic data, we decided to systematically investigate noncoding and coding genomic alterations related to the KLF5 gene and their transcriptional and phenotypic consequences. We performed functional analysis of each of these genomic alterations to understand how they contribute to oncogenic activation of KLF5 and their effects on KLF5 gene expression, protein stability and protein function. Our results highlight a variety of somatic genome alterations that converge to enhance the levels and activity of KLF5, and thereby to reshape cellular transcriptional programs and promote cancer cell proliferation.
RESULTS

Focal amplification of noncoding super-enhancers activates KLF5 expression.
To define the prevalence of KLF5 super-enhancer amplification across cancers, we examined SNParray-based copy number data targeting the ~600 kb intergenic region between KLF5 and KLF12 on chromosome segment 13q22.1 across 10,844 samples from 33 cancer types included in The Cancer Genome Atlas (TCGA). We discovered recurrent amplifications of this noncoding region in six other cancer types beyond head and neck squamous cell carcinoma (15/522), including esophageal carcinomas (ESCA, 7/184), cervical squamous cell carcinomas (CESC, 14/295), lung squamous cell carcinomas (LUSC, 14/501), bladder carcinomas (BLCA, 12/408), stomach adenocarcinomas (STAD, 7/441), and colorectal adenocarcinomas (CRC, 5/615) ( Figure 1A) . Consistent with these observations, an analysis of SNP-array-based copy number data from 1043 cancer cell lines within the Broad Institute's Cancer Cell Line Encyclopedia (CCLE) project (35) identified focal amplification of this noncoding region in 12 cell lines, from the seven cancer types reported above (Figure S1A) .
Examination of the copy number profile from TCGA normal tissues (n=11,813) found no evidence of amplifications of the KLF5 noncoding region.
To investigate the molecular basis for amplification of the KLF5/KLF12 intervening region, we analyzed whole genome sequencing (WGS) data (36) for six head and neck squamous cell carcinoma samples large clusters of enhancers that are associated with the activation of cell identity genes and cancerrelated genes (39) (40) (41) . We analyzed the H3K27ac ChIP-seq data using the ROSE pipeline (39) (40) (41) and
identified several super-enhancers in the amplified region (Figure 1C , rectangle), one in ESCA cells and two in HNSC and STAD cells (Figure 1C , indicated by bars within the rectangle). Taken together, these data suggest that focal amplification of noncoding super-enhancers near the KLF5 gene is a recurrent event in multiple cancer types, particularly squamous cell carcinomas.
The amplified super-enhancers are located in a ~600 kb noncoding region flanked by KLF5 on the centromeric side and KLF12 on the telomeric side ( Figure 1A) . Enhancers regulate gene expression through physical interaction with gene promoters (42) (43) (44) and these interactions are restricted by topologically associating domains (TAD), chromatin "neighborhoods" that are highly conserved across tissue types (45) (46) (47) (48) (49) (50) (51) . Utilizing publicly available Hi-C data from IMR90 lung fibroblast cells that measures physical interactions between chromatin regions and defines TADs in the genome (49) , we found that the amplified super-enhancers lie within the same TAD (small TAD, chr13:73,570,000-74,290,000; large TAD, chr13:73,350,000-74,290,000) as the promoter region and gene body of KLF5, but not the promoter or complete gene body of KLF12, suggesting that KLF5 is the candidate target gene (Figure 2A and 2B) . Indeed, a recent study in a stomach adenocarcinoma cell line identified significant chromatin interaction between the super-enhancer region and the KLF5 (but not the KLF12) promoter, using circularized chromosome conformation capture assays (4C) (52). We performed chromosome conformation capture (3C) assays and validated the physical interaction between the super-enhancer region and the KLF5 promoter in cells with (BICR31) or without (BICR6) the superenhancer duplication (Figure 2C, upper panel) . Because most of the 13q22.1 super-enhancer amplifications were observed in squamous cell carcinomas (Figure 1) , we analyzed RNA sequencing data from TCGA squamous cell carcinoma samples, including head and neck, cervical, lung and esophageal squamous carcinoma samples (16, 36, (53) (54) (55) . We found KLF5 expression to be greater than KLF12 expression across all of these cancers. In addition, we observed a mean of 39.7% statistically significant elevation in expression (t test: P<0.0001) of KLF5 in cancers harboring the super-enhancer amplifications, compared to tumors without the amplifications, but no significant increase of KLF12 expression ( Figure S2B) . Research. on October 21, 2017. © 2017 American Association for Cancer cancerdiscovery.aacrjournals.org Downloaded from Author manuscripts have been peer reviewed and accepted for publication but have not yet been edited.
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We selected the head and neck squamous cell carcinoma cell line BICR31, in which the KLF5 superenhancers are focally amplified (Figure S1A ), as a model system for detailed functional studies. ChIPseq assays of p300, a marker for active enhancers (56) , identified four strong individual enhancer elements in the super-enhancers in BICR31 cells (Figure 2B) . We applied the CRISPR-mediated repression system (15, 57, 58) , which uses a short guide RNA (sgRNA) to recruit inactivated Cas9 (dCas9) fused to the Krüppel-associated box (KRAB) transcriptional repressor domain (KRAB-dCas9), to repress the e1-e4 enhancers, individually. Repression of each of the individual enhancers e1, e3, or e4 alone (but not e2) resulted in a modest yet significant reduction (20~34%) in KLF5 expression ( Figure 2D) , In agreement, 3C assays detected stronger physical interaction between the KLF5 promoter and the e1, e3 and e4 enhancers, compared to the e2 enhancer ( Figure 2C, lower panel) .
Repression of the individual enhancers did not affect expression of KLF12, present outside the TAD domain, or of PIBF1 or DIS3 within the same large TAD domain ( Figure S3 ).
We next sought to interrogate the combinatorial effects of these enhancers. Transfection of a luciferase reporter construct containing all three enhancers gave rise to significantly higher luciferase expression than reporter constructs carrying an individual enhancer, suggesting a joint effect of the three enhancers in activating gene expression ( Figure 2E ). Furthermore, multiplexed repression of the e1, e3 and e4 enhancers by KRAB-dCas9 resulted in a marked decrease in overall enhancer activity, as observed by a loss of H3K27ac enrichment at the targeted regions ( Figure 2F ), along with a strong reduction (~51%) in KLF5 expression and a modest reduction (~25%) in PIBF1 and DIS3 expression ( Figure 2D and S3) . These data reveal that the e1, e3 and e4 enhancers exert a combinatorial effect on gene activation, with KLF5 as the primary gene target.
KLF5 activates cell identity genes and cancer-related genes in squamous cell
carcinomas.
7 oncogenic role of KLF5 ( Figure S4B ). Further analysis revealed that the KLF5 binding sites are enriched for p300 binding and H3K27ac modifications, indicating that KLF5 binding is associated with active regulatory elements ( Figure 3B ). Our results are consistent with previous reports that the transactivation function of KLF5 depends on its interaction with the CBP/p300 co-activator complex (62) . Annotating KLF5 binding sites in more detail, we observed that KLF5 binding sites are more prevalent in super-enhancers than in typical enhancers. Indeed, individual active enhancers (as defined by p300 binding in BICR31 cells), are more likely to be bound by KLF5 (~33%) when present in superenhancers rather than in typical enhancers (~22%) (Figure 3C) .
To investigate the transcriptional impact of KLF5 expression, we conducted RNA-sequencing (RNAseq) assays in BICR31 cells with and without siRNA-mediated silencing of KLF5 (Figure S5A) . We integrated the RNA-seq and KLF5 ChIP-seq results with the Binding and Expression Target Analysis (BETA) pipeline (63) , which first assigns each gene in the genome a KLF5 regulatory potential score based on two criteria: (1) the number of KLF5 binding sites within ± 50 kb of the transcription start site for each queried gene, and (2) the distance between these KLF5 binding sites and the transcription start site. We then used BETA to interrogate the impact of perturbing KLF5 abundance on expression of each of these genes. This analysis revealed that KLF5 activates the expression of genes with higher KLF5 regulatory potential scores more often than it represses the expression of such genes ( Figure   3D ; Kolmogorov-Smirnov test, P=2.3x10 -8 ), suggesting that KLF5 mainly acts as a transcriptional activator. We also detected a modest yet significant reduction (~20% in average, t test: P < 0.001) in the H3K27ac level surrounding KLF5 binding sites that are nearest to KLF5-activated genes ( Figure   S6 ). We observe that KLF5 activates squamous cell identity genes such as KRT5, KRT8, KRT6A, KRT13, LAMA3, LAMB3, and LAMC2, and cancer-related genes such as ID1, CCND1, TP63, DEK, WNT10A, PDGFA, and PDGFB (Figure 3E and S5B) . To validate this observation, we targeted the KLF5 binding sites surrounding ID1 by the KRAB-dCas9 repressor complex and found a significant decrease in ID1 expression, demonstrating a direct role of KLF5 binding in activating ID1 (Figure 3F ).
Hotspot mutations in a phospho-degron domain increase KLF5 protein stability.
In addition to focal amplifications of noncoding super-enhancers, mutations within the KLF5 gene are also frequently found in cancer (22,23). We examined the mutation profile of KLF5 in > 11,000 tumor samples from the TCGA project (64-69) as well as 619 colorectal cancer samples from two prospective cohort studies (23). This analysis confirmed the presence of two mutation hotspots in KLF5: one within a phospho-degron domain and the other within a DNA binding domain (Figure 4A and S7 ; see Methods section for additional details on mutation hotspot identification). Three FBXW7 (also known as CDC4) phospho-degron domains (CPDs) have been identified in KLF5 (70) , which have been shown, when phosphorylated, to bind the E3 ubiquitin ligase FBXW7, leading to the ubiquitination and degradation of KLF5 (70) . Our analysis revealed that the second CPD (amino acids 301-307: PPSPPSS) is a target of missense mutations, seen mainly in colorectal adenocarcinomas (7/619; P = 5.65 x 10 -30 ; data from (23)) ( Figures 4A and S7A) . A previous study has shown that the P301S mutation inhibits the interaction between FBXW7 and KLF5 and increases the protein stability of KLF5 (71) . To assess if this is a common mechanism for the hotspot mutations, we included two other mutations, S303P and P304A, and performed a cycloheximide (CHX) chase assay in the colorectal cancer cell line HCT116 to measure their effects on KLF5 protein stability. We found that the three tested mutations significantly reduced degradation of KLF5 to a similar extent, compared to wild-type (WT) KLF5 (Figure 4B ). Co-immunoprecipitation assays confirmed that the mutations impaired the interaction of KLF5 with FBXW7 ( Figure 4C) .
Notably, the FBXW7 gene is also significantly mutated in colorectal cancers (~13%), with recurrent mutations enriched in the WD40 repeat domains required for interaction with its substrates (72, 73) ( Figure S8A) . None of the colorectal cancer samples harboring KLF5 hotspot mutations had mutations in FBXW7 ( Figure S8B) . We tested three of the most recurrent FBXW7 missense mutations, R465C, R465H and R505C, and found that they indeed impaired the interaction of FBXW7 with KLF5 ( Figure   4D ). While overexpression of wild-type FBXW7 in HCT116 cells decreased the protein level of KLF5, the FBXW7 mutants showed an opposite effect ( Figure 4E) , consistent with previous findings that FBXW7 mutations have dominant-negative effects (74, 75) . Taken together, we found here that hotspot mutations within either the KLF5 CPD domain or the FBXW7 WD40 repeat domains act to stabilize KLF5 levels by preventing its binding to FBXW7.
Hotspot mutations in a DNA binding domain of KLF5 alter its DNA binding specificity.
An additional hotspot mutation is found in KLF5 (P = 4.26x10 -63 ; TCGA pan-cancer dataset) (64) within the second of three DNA-binding zinc-finger (ZNF) domains that are highly conserved within KLF family members (61), with significant recurrent mutations at the codons for D418 and E419 in lung adenocarcinomas (2/502) and lung squamous cell carcinomas (7/464) (22) (Figure 5A and S7B) . Pancancer analysis identified additional hotspot mutations at these positions in cervical squamous cell carcinomas (6/272), bladder carcinomas (5/398), and stomach adenocarcinomas (1/383) ( Figure 5A) .
Interestingly, these mutations are cancer-type specific. For example, the E419K mutation occurs predominantly in cervical squamous cell carcinomas while the E419Q mutation is observed only in lung cancers ( Figure 5A ). To assess the function of these mutations, we generated N-terminal V5-tagged versions of wild-type KLF5 and three of the most recurrent mutants, D418N, E419K and E419Q, and infected them into HEK293T cells (Figure S9A ). ChIP-seq analysis of these cells revealed that the mutations in the DNA binding domain alter the DNA binding specificity of KLF5 in a mutation-specific manner ( Figure 5B) .
Changes in the cognate DNA binding motifs of KLF5 appeared to be predominantly restricted to nucleotides at the 5 th and 6 th position of the DNA motifs ( Figure 5B ), consistent with a report that the second zinc-finger domain of KLF transcription factors recognizes the 4-6 th position of the DNA motif (76) . The D418N mutant, seen in lung squamous cell carcinomas and bladder carcinomas, preferentially binds to thymidine (T) at the 6 th nucleotide in the DNA motif, compared to guanine (G) for wild-type KLF5 (Figure 5B ). In addition, the E419K mutant, seen mainly in cervical squamous cell carcinomas, binds preferentially to guanine (G) at the 5 th nucleotide of the DNA motif, while the E419Q mutant, specific to lung cancers, binds preferentially to adenine (A) at the same nucleotide position, compared to cytosine (C) or thymidine (T) for wild-type KLF5 (Figure 5B ). Accordingly, KLF5 WT and mutant proteins bind to different regions of the genome (Figure 5B ). When KLF5 binding sites are ranked by variability among HEK293T cells overexpressing different wild-type or mutant constructs, ~44%, 26% and 15% of the top 10% variable sites are preferentially bound by KLF5 D418N, E419K and E419Q, respectively (Figure 5B right panel for overview; Figure S9B for examples).
The KLF5 E419Q mutant gains novel binding sites, creates new super-enhancers and activates cancer-related genes such as FOXE1 and NAMPT.
To study the function of mutations in the KLF5 DNA binding domain in a more physiologically relevant context, we analyzed the lung cancer-specific E419Q mutation in the lung squamous cancer cell line HCC95, which is wild-type for the KLF5 gene based on RNA sequencing results from the Cancer Cell Line Encyclopedia project (35) . Ectopic expression and ChIP-seq analysis of V5-tagged KLF5 WT and KLF5 E419Q in HCC95 (Figure S10A-B) revealed that both wild-type and mutant KLF5 share 5,511 binding sites. Relative to KLF5 WT, however, KLF5 E419Q lost 483 binding sites and gained 5,611 new binding sites ( Figure 5C ). Electrophoretic mobility shift assays (EMSAs) using fluorescently-labeled DNA probes containing the KLF5 DNA motifs with the C, T and A variants at the 5 th nucleotide revealed that KLF5 E419Q had a stronger binding affinity for the A variant, compared to wild-type KLF5 ( Figure   S10C ), consistent with our results in HCC95 cells, above ( Figure 5C ). However, like wild-type KLF5, KLF5 E419Q also binds to DNA motifs with the C and T variants (Figure S10C) , which explains the observation that KLF5 E419Q gains more binding sites across the genome, compared to KLF5 WT.
The regions that are specifically bound by KLF5 E419Q are more enriched in intronic regions (Fisher exact test: P = 1.1x10 -42 ) and intergenic regions (P = 1.3x10 -6 ) but less enriched in promoter regions (P = 7.2x10 -86 ), compared to regions that are shared by KLF5 WT and KLF5 E419Q (Figure S10D) Author manuscripts have been peer reviewed and accepted for publication but have not yet been edited.
Author Manuscript Published OnlineFirst on September 29, 2017; DOI: 10.1158/2159-8290.CD-17-0532 suggesting a shift from promoters to distal enhancers for the novel binding sites of KLF5 E419Q. We then investigated the effect of KLF5 E419Q binding on enhancer activity. In HCC95 cells overexpressing KLF5 E419Q, the gained binding sites show enrichment of H3K27ac, compared to cells overexpressing KLF5 WT ( Figure 5D ).
We next performed gene expression analysis of HCC95 cells overexpressing untagged KLF5 WT or E419Q. Ectopic expression of either KLF5 WT or E419Q had little effect on the expression level of the endogenous KLF5 gene, as measured by the PCR primers targeting the 3'UTR of KLF5 (Figure S10B) .
By integrating the results of RNA sequencing and ChIP-seq using the BETA pipeline, we found that the binding sites gained by KLF5 E419Q are significantly associated with activation of the target genes ( Figure 5E ), suggesting a gene activation role for this mutant. Furthermore, the gained binding sites also form novel super-enhancers, as defined by H3K27ac enrichment, that are associated with activation of genes such as FOXE1, NAMPT, EPHB3 and GAS6 (Figure 5F and S10E). 
Cancer cells with activated KLF5 are dependent on KLF5 for their proliferation
We next sought to investigate the phenotypic consequences of KLF5 activation in cancer cells.
Silencing of KLF5 using small interfering RNAs (siRNA) in the head and neck squamous cell carcinomas cell line BICR31, in which KLF5 overexpression is driven by the 13q22.1 super-enhancer amplification (Figure 2) , resulted in a marked reduction of cell proliferation (Figure 6A ). In addition, multiplexed repression using KRAB-dCas9 and sgRNAs directed against the three enhancers e1, e3 and e4, that are amplified in head and neck squamous carcinomas (Figure 2) , also resulted in a significant reduction in proliferation of the BICR31 cell line (Figure 6A) . The proliferation-inhibitory effect of silencing KLF5 can be partially rescued by ectopic expression of ID1 (Figure 6B) , a target gene of KLF5 in head and neck squamous carcinoma cells (Figure 3E-F) . We then investigated the phenotypic outcomes of mutations in KLF5. Overexpression of the KLF5 E419Q mutant identified in lung squamous carcinomas significantly increased proliferation of the lung squamous cell carcinoma cell line, HCC95, compared to KLF5 WT, in low serum media (Figure 6C ), suggesting an oncogenic role for the KLF5 E419Q mutant.
We next asked whether activation of KLF5 correlates with a dependency of cancer cells on the KLF5 gene. We queried the publicly available genome-wide CRISPR/Cas9 gene knockout screening (GeCKO) dataset, including 32 cancer cell lines originating from diverse tissue types such as bone, skin, colon and pancreas (82). Gene dependency scores were calculated based on the abundance of each sgRNA before and after cell proliferation for 3~4 weeks following infection of the library; gene expression was measured by RNA-seq (82). We found that cancer cells with higher KLF5 expression were more dependent on KLF5 (i.e. exhibited a lower gene dependency score), suggesting that increased expression of KLF5 confers a dependency on the KLF5 gene for cell viability (Figure 6D ). 
DISCUSSION
Here we describe the functional analysis of the altered KLF5 gene, with findings that support the concept of an oncogenic role for KLF5. These discoveries are based on the identification of somatic cancer genome alterations in or near the KLF5 gene (15, 22) . Our pan-cancer analysis showed that KLF5 is activated by multiple somatic genomic alterations including noncoding super-enhancer amplifications and coding mutations in a phospho-degron domain or a DNA binding domain ( Figure   6E ). The frequency of individual types of KLF5 genomic alterations is modest. However, the combination of the three types of alterations markedly enhances the significance of KLF5 as a candidate oncogene. This work extends and provides a mechanistic basis for previous observations that overexpression of wild-type KLF5 promotes oncogenic phenotypes such as cellular proliferation, invasion and transformation in vitro and in vivo (27-31).
We have identified focal amplifications of KLF5 noncoding super-enhancers in many squamous cell carcinomas and some adenocarcinomas. In contrast to the MYC locus, in which cancer type-specific super-enhancers are amplified (15) , the same noncoding region ~300 kb 3' to KLF5 is amplified in multiple anatomical and histological forms of cancer. This may occur because, in contrast to the MYC locus, the enhancer profile of the KLF5 locus is shared across different cancer types. We and others have identified single individual enhancers within super-enhancers that drive the activity of the entire super-enhancer region (15, 83) . In contrast, the activity of the KLF5 super-enhancer region is dependent on a combination of three individual enhancers, representing another type of enhancer structure within super-enhancers.
In addition to transcriptional regulation, we show that KLF5 is activated at the protein level by missense mutations. KLF5 contains three phospho-degron (CPD) domains which, upon phosphorylation, are recognized by the E3 ubiquitin ligase FBXW7, that promotes ubiquitination and degradation of its substrates (70) . Studies have shown that several oncogenic proteins including CCNE1, MYC and NOTCH1 are substrates of FBXW7 (84) (85) (86) and are stabilized by mutations in the FBXW7 WD40 repeat domains required for substrate recognition (74, 75, 87) . Our studies show that KLF5 is a substrate of FBXW7 in colorectal cancers, and that mutations either in a phospho-degron domain of KLF5 or in the WD40-repeat domains of FBXW7 stabilize KLF5 protein levels by preventing the interaction of KLF5 and FBXW7. The observation that no colorectal cancer samples have both KLF5 CPD mutations and coding FBXW7 mutations further supports their functional convergence. This mirrors the mutation pattern of the E3 ligase gene, KEAP1, and the oncogenic transcription factor gene NFE2L2, which encodes a substrate of KEAP1, in lung cancer (16, 88) . We expect that detailed characterization of protein domain interactions combined with mutual exclusivity analysis of genomic alterations will identify more such relationships between cancer-related genes.
Another mutation hotspot in the KLF5 gene was identified in a zinc-finger DNA binding domain. We find that these mutations promote a change-of-function role, by altering KLF5 DNA binding specificity. Our observations are consistent with recent findings reporting recurrent mutations in KLF4, another KLF family member gene, in meningiomas (89) . Unlike KLF5 that is mutated in the second zinc-finger domain that recognizes the 4-6 th nucleotide position of the KLF DNA motif, KLF4 is mutated in the first zinc-finger domain that binds to the 7-10 th nucleotides (76, 89) . Accordingly, the DNA motifs recognized by KLF5 and KLF4 mutants are different from the canonical KLF motif at the 5-6 th and 9 th nucleotide position, respectively (89) . This suggests distinct oncogenic roles for these two KLF family members in their respective cancer types. Interestingly, although KLF5 change-of-function mutations occur within a single zinc-finger domain, each mutation is highly cancer-type specific. Moreover, different mutations guide KLF5 to recognize different DNA sequences, suggesting that individual KLF5 mutants direct unique gene expression programs to drive tumorigenesis via distinct mechanisms in the relevant tumor types.
We showed that the lung cancer-specific KLF5 E419Q mutant gains novel binding sites in the genome relative to wild-type KLF5 while also maintaining the binding sites of the wild-type protein. This result contrasts with the finding of change-of-function mutations in TP53 that lead to a switch in the DNA binding specificity of TP53 toward novel binding sites while eliminating binding sites recognized by wildtype TP53 (90, 91) . This difference may be because, unlike the tumor suppressor TP53, wild-type KLF5 itself is an oncogenic transcription factor and thus losing wild-type KLF5 binding sites may be disadvantageous to cancer cells. The gained binding sites of KLF5 E419Q are associated with gene activation, as evident by the increased enhancer activity at these binding sites. Importantly, the newly acquired KLF5 E419Q binding sites also create novel super-enhancers that drive expression of cancerassociated genes such as FOXE1 and NAMPT, revealing new therapeutic targets. In addition to KLF5, somatic hotspot mutations have been identified in the DNA binding domains of other transcription factors such as FOXA1 and MAX (92, 93) . Furthermore, many germ-line genetic variants in genes encoding transcription factors have been predicted to alter DNA binding activity and specificity (94) . associated with predisposition to multiple cancers (101) . It is known that cancer risk-associated variants often target regulatory elements, modulate transcription factor binding and regulate expression of cancer-related genes (102) (103) (104) (105) (106) . Interestingly, some of the cancer-risk variants near KLF5, such as rs9573163 and rs9543325 that are associated with pancreatic cancer risk (97, 99, 100) , are within the super-enhancer regions that we found to be amplified in squamous carcinomas. The functional relevance of the 13q22.1 genetic risk-variants in regulating KLF5 and cancer development needs further investigation.
In summary, we demonstrate that a single oncogenic transcription factor, KLF5, can be activated by multiple somatic genomic alterations including by the creation of noncoding structural genome variations and by hotspot missense mutations within the KLF5 coding region. Importantly, we show that overexpression of KLF5 is associated with a strong dependency on KLF5 across 32 cancer cell lines.
In addition, targeting KLF5 in vivo has been reported as an efficient anti-tumor strategy for breast, bladder and gastric cancers (28, 30, 107, 108) . All the evidence indicates the importance of KLF5 activation in cancer cells and its significance as an emerging target for the development of novel cancer therapeutics.
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METHODS
Pan-Cancer copy number alteration analysis
GISTIC (Genomic Identification of Significant Targets in Cancer) analyses were performed in 10,844 samples from 33 tumor types, using copy number data from version 3.0 of the SNP pipeline on April 2 nd , 2015 from the TCGA copy number portal (2, 109) . Arm-level amplifications or deletions were removed for GISTIC peak calling.
Cell lines
Cell lines were obtained from the Cancer Cell Line Encyclopedia (CCLE) project (35) in 2015 and 2016.
Cells were tested negative for mycoplasma and maintained in RPMI-1640 medium supplemented with 10% heat inactivated FBS and 1% penicillin-streptomycin. Cell line identities were verified by SNP fingerprinting using an Affymetrix SNP array as previously described in the CCLE project (35) . Cell lines were used for functional experiments, after less than 3 months of passages post receipt.
ChIP-seq analysis
Chromatin immunoprecipitation-sequencing (ChIP-seq) assays were performed as previously described (102, 105) . Briefly, cells were cross-linked with 1% Formaldehyde and lysed. The chromatin extract was sonicated by a Diagenode bioruptor and immunoprecipitated with antibodies that were co-incubated with mixed Dynabeads A and G (Thermo Scientific). Antibodies that were used include: H3K27ac For investigating the effect of KLF5 silencing on the H3K27ac profile (Figure S6) , we used the "DNaseI Hypersensitive Site Master List" file generated by the ENCODE consortium (112) to identify open chromatin regions that are conserved across cell types and used them as "negative controls". We selected the regions that are enriched with DNase I-hypersensitivity signal in more than half of the 125 ENCODE cell types included in the list and removed the ones that overlap with KLF5 bindings.
For clustering binding sites of KLF5 WT and mutants in HEK293T cells, we first concatenated and merged all of their binding sites identified by MACS2 and then mapped the sequencing reads to each of the merged binding sites by Bedtools (113) . The number of reads at these binding sites were normalized by edgeR pipeline (114, 115) and then log2 transformed. We performed k-means clustering for the top 10% most variable binding sites. To present the heatmap, the normalized binding signal was scaled by rows. For identifying binding sites that are specific to KLF5 WT or E419Q in the lung squamous cell carcinoma cell line HCC95, we used MACS2 and compared the ChIP-seq signal of V5tagged KLF5 WT and E419Q by using each other as 'treatment' and 'control' for MACS2 input. For comparing the H3K27ac ChIP-seq signal between KLF5 E419Q and WT binding sites, because the difference of total sequencing reads between the ChIP-seq experiments are over 10%, we randomly subsampled the larger sample by Samtools (116) to normalize the signal. ChIP-seq data was uploaded to the Gene Expression Omnibus (GSE88976).
Super-enhancer identification
For each cancer type, H3K27ac ChIP-seq data from multiple cell lines was merged into one dataset.
Based on the merged ChIP-seq results including the aligned reads and MACS2 binding peaks, we identified super-enhancers for each cancer type using the ROSE pipeline (39) (40) (41) . To identify superenhancers that are gained by KLF5 E419Q bindings, we used Bedtools (113) to compare the superenhancers called from H3K27ac ChIP-seq signal in HCC95 cells overexpressing KLF5 WT and E419Q.
We identified the super-enhancers that have > 75% region unique to cells overexpressing KLF5 E419Q and also overlap with KLF5 E419Q-specific binding sites. Genomic coordinates of the KLF5 E419Qgained super-enhancers and the nearest genes are listed in Table S1 .
Chromosome conformation capture (3C) assay
3C-qPCR assays were performed in BICR31 and BICR6 cells, as previously described (42, 105) . The restriction enzyme BglII was used to fragment DNA. BAC libraries (RP11-689G3, RP11-179I20, RP11-259I24, RP11-343F2, RP11-315L12, RP11-347N11 and RP11-46L3) of DNA fragments covering the tested regions were used as template controls for the normalization of digestion, ligation and primer efficiency. In order to normalize the DNA copy number in BICR31 cells, we doubled the input concentration of the BAC construct RP11-343F2 that covers the super-enhancer region. 3C ligation products were quantified by SYBR Green-based PCR and the primer sequences are listed in Table S2 .
CRISPR/Cas9-mediated enhancer repression
CRISPR/Cas9 sgRNAs were identified using the sgRNA desinger tool from the Broad Institute (117) and control, non-targeting sgRNAs were selected from the GeCKOv2 library (118) . The enhancer repression vector lenti-KRAB-dCas9-blast was generated previously (15) and sgRNAs were cloned into lentiGuide-Puro (Addgene, 52963). BICR31 cells were first infected with lenti-KRAB-dCas9-blast and Research.
Author Manuscript Published OnlineFirst on September 29, 2017; DOI: 10.1158/2159-8290.CD-17-0532 selected with 6 ug/ml blasticidin, and then subsequently infected with lentiGuide-sgRNAs and selcted with 2 ug/ml puromycin. For multiplexed repression of the e1, e3, and e4 enhancers, lentivirus containing each sgRNA was mixed equally and then used for cell infection. sgRNA sequences were listed in Table S2 .
Luciferase reporter assays
Luciferase reporter assays were performed as previously described (15) . Individual enhancer regions were cloned upstream of the pGL3 minimal promoter vector using MluI and XhoI restriction enzyme sites. For cloning the three enhancers e1, e3, and e4 together into the vector, we used the Gibson assembly cloning method (NEB E2611S) that ligate multiple fragments by their overlaps. The reporter constructs were cotransfected with a control Renilla luciferase construct into cells using FuGENE 6 (Promega). The luciferase signal was normalized to the Renilla luciferase signal. Primers used for cloning are listed in Table S2 .
siRNA-directed gene silencing
BICR31 cells were transfected with negative control, non-targeting siRNA (siNC) or siKLF5 using Lipofectamine RNAiMAX (Thermo Scientific). RNA was extracted 2 days after transfection using the Qiagen RNeasy kit with on-column DNase I treatment. Preverified Silencer Select siRNAs (Thermo Scientific, Negative Control No.1 and No.2 for siNC; s2115 and s2116 for siKLF5) were used. siNC #1 and siKLF5 #1 were used for RNA-seq assays with three biological replicates in BICR31 cells, and all the siRNAs were used for gene expression validation. To assess the effect of siRNAs, immunoblot analysis was performed using antibodies against KLF5 (Abcam, ab137676) and β-actin (Santa Cruz sc-47778).
Identification of KLF5 mutation hotspots
To estimate the significance of mutation frequency within hotspots in the KLF5 gene, we computed pvalues for a sliding fixed-width window over the primary structure of KLF5. We implemented a binomial null distribution with n as the total number of KLF5 mutations and p as the fraction of the primary structure of KLF5 represented by our window. The p-value was then computed as the survival function of the binomial distribution where k+1 is the number of mutations actually present in the window.
Windows of 3 amino acids and 5 amino acids were used to analyze the TCGA Pan-Cancer data set (64) and the colorectal cancer data set (23) respectively.
Ectopic expression of KLF5 and FBXW7
Wild-type (WT) KLF5 and FBXW7 cDNA were first cloned into pJET1.2 (Thermo Scientific). Quikchange mutatageneis was then performed to generate cDNA of KLF5 mutants (P301S, S303P, P304A, D418N, E419K, and E419Q) and FBXW7 mutants (R465C, R465H, and R505C). The KLF5 and FBXW7 (WT and mutants) cDNA were then subcloned into the overexpression vector pLenti-EF1a-PGK-puro and pLenti-EF1a-PGK-blasti, respectively, with or without the V5 tag fused to the N-terminus.
Infected HEK293T and HCC95 cells were selected by 2 ug/ml puromycin or 10 ug/ml blasticidin.
Overexpression was validated by RT-PCR and immnoblot analysis. Primers used for cloning are listed in Table S2 .
Cell proliferation assays
For siKLF5 experiments, BICR31 cells were transfected with siNC1 (#1 and #2) or siKLF5 (#1 and #2), and were then maintained in regular media for 6 days before cell counting (Beckman Coulter Counter).
For CRISPR-mediated enhancer repression experiments, BICR31 cells infected with sg-Control (#1 and #2) or combined sg-e1, e3 and e4 were selected by 2 ug/ml puromycin for 5 days. Cells were then seeded at the same cell number and maintained in regular media for 7 days before cell counting. For
KLF5 WT vesus E419Q overexpression experiments, HCC95 cells infected with KLF5 WT and E419Q
overexpression constructs (with or without V5-tagged) were maintained in low serum condition (RPMI-1640 media supplemented with 1% FBS) for 7 days before cell counting.
RNA-seq analysis
For siKLF5 experiments, BICR31 cells transfected with siNC #1 and siKLF5 #1 (three biological replicates each condition) were maintained in regular media for 2 days before RNA extraction. For
KLF5 WT vs. E419Q overexpression experiments, HCC95 cells infected with KLF5 WT and E419Q
overexpression constructs (no-tagged, two biological replicates) were maintained in low serum condition (RPMI-1640 media supplemented with 1% FBS), which is consistent with the condition of cell proliferation assays of KLF5 E419Q overexpression, for 2 days before RNA extraction. RNA was extracted using Qiagen RNeasy kit and treated with on-column DNase I. RNA-sequencing (RNA-seq) libraries were prepared using the NEBNext Ultra Directional RNA library prep kit (NEB, E7420S) and sequenced on the Illumina MiSeq instrument (75-bp paired end reads). Sequencing reads were aligned using STAR (119) and expression level for each gene was quantified by RSEM (120). The differential expression analysis was performed using the edgeR and limma pipelines (115, 121) . The RNA-seq results were uploaded to the Gene Expression Omnibus (GSE88977).
BETA analysis to combine ChIP-seq and RNA-seq results
Binding and Expression Target Analysis (BETA) was performed to predict whether KLF5 has activating or repressive function by combining ChIP-seq and RNAs-seq results. The analysis pipeline was described as presviouly described (63) . Briefly, BETA estimates KLF5's regulatory potential score for each gene based on the distance between KLF5 binding sites and transcription start sites (TSS) of Research.
Author Manuscript Published OnlineFirst on September 29, 2017; DOI: 10.1158/2159-8290.CD-17-0532 each gene, and also based on the number of KLF5 binding sites ± 50 kb centarted at TSS of each gene.
BETA then uses a nonparametric statistical test (Kolmogorov-Smirnov test) to compare regulatory potential socres for genes that are up-regulated, down-regulated, or not-regulated on the basis of RNAseq results with and without siRNA-mediated silencing of KLF5. Similarly, we perfromed BETA analysis for analyzing KLF5 E419Q-unique binding sites and genes that are regulated by KLF5 E419Q overexpression (compared to KLF5 WT) in HCC95 cells. Table S2 .
CHX chase assays
HEK293T cells infected with KLF5 WT, P301S, S303P, P304A were treated with 100 ug/ml cycloheximide (CHX) for 0, 1, 2, and 3 hours before protein extraction and immunoblot analysis. The protein level of KLF5 WT and mutatns was quantified by using the LI-COR Image Studio software.
Co-immunoprecipitation assays
Antibodies were first incubated with mixed Dynabeads A and G (Thermo Fisher) for 5 hours at 4°C. Cells were lysed by cell lysis buffer (1% NP40, 150mM NaCl, 50mM Tris-HCl pH 8.0) supplemented with protease and phosphotase inhibitor. Antibodies that were used include V5 (Thermo Fisher, R960-25) and HA (Abcam, ab9110). Cell lysate were then incubated with the beads-antibody complex.
Enriched protein was eluted and denatured at 65°C by LDS sample buffer (Thermo Fisher) supplemented with 20 mM DTT before immunoblot analysis. Research. 
